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Oncogenic Ras promotes glucose fermentation and gluta- 
mine use to supply central carbon metabolism, but how 
and why have only emerged recently. Ras-mediated meta- 
bohc reprogramming generates building blocks for growth 
and promotes antioxidant defense. To fuel metabolic 
pathways, Ras scavenges extracellular proteins and lipids. 
To bolster metabolism and mitigate stress, Ras activates 
cellular self-cannibalization and recycling of proteins and 
organelles by autophagy. Targeting these distinct features 
of Ras-driven cancers provides novel approaches to cancer 
therapy. 



A hallmark of cancer long known to distinguish normal 
tissue and cells from that of tumors is altered metabo- 
lism. Tumor-specific metabolic reprograming results 
from the activation of oncogenes and the inactivation of 
tumor suppressor genes, a subset of which are themselves 
metabohc enzymes. The functional importance of altered 
metabohsm in cancer derives from the requirement of 
tumor cells to produce the energy and building blocks 
required for cell growth and the generation of new cells 
(Vander Heiden et al. 2009; Dang 2012). In doing so, they 
must also maintain redox balance, alter gene expression 
to sustain tumor growth, and vdthstand stress. Recent 
findings are revealing how tumor cells accomplish this, 
which has stimulated interest in targeting metabolic 
pathways in cancer to improve therapeutic outcome by 
starving them of what they need to grow and survive. 

Sustained tumor growth requires the up-regulation of 
nutrient acquisition mechanisms, redirection of nutrient 
utilization to biosynthetic pathways, and adaptation to 
metabolic stress. Indeed, nutrient demand is higher in 
tumor cells than most normal cells because of these 
requirements imposed by growth and proliferation. While 
it is known that cancers often up-regulate glucose uptake 
to fuel aerobic glycolysis and require glutamine to fuel 
central carbon metabolism, this is just the beginning of 
our imderstanding of altered tumor metabohsm and its 
functional role in supporting tumor growth. Knowing the 
details and function of metabolism is important to de- 
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termine how to interfere with timior metabolism to 
block tumorigenesis. 

The concept of starving timior cells by cutting off their 
blood supply by inhibiting angiogenesis, which is now in 
the clinic to treat some cancers, was an early, general 
approach to depriving tumor cells of what they need. To 
effectively implement the concept of targeting metabo- 
hsm, we clearly need a more comprehensive understand- 
ing of what the "tumor fuel" is, where it comes from, how 
it is obtained, and how and where it is used. It will also be 
important to determine how these processes are altered 
by different oncogenic events, whether they are distinct 
from those in normal cells, and whether they can be 
targeted effectively to improve cancer therapy. 

Among the most problematic oncogenic events to 
target directly are those with activation of Ras oncogenes, 
the presence of which is common and associated with 
a poor prognosis in the most deadly cancers. Activation 
of members of the Ras family of oncogenes up-regulates 
growth-promoting pathways controlled by PI3 kinase/ 
mTOR and MAP kinases, among others, while they simul- 
taneously shut off the brakes that suppress cell growth. 
Recent advances have shed light on exciting new oppor- 
tunities with which to cripple the critical metabolic 
effector functions of Ras. 

Hungry, hungry tumor cells 

Metabolic demand is greatly increased by cell growth and 
proliferation, and this contributes to the elevated nutri- 
ent requirements of tumor cells (Rabinowitz and White 
2010). To meet this elevated demand imposed by cell 
growth, tumor cells recruit blood vessels through angio- 
genesis to increase the delivery of growth factors, nutri- 
ents, and oxygen to the tumor microenvironment. Tumor 
vasculature is often abnormal, and tumor growth may 
outpace vascularization; as a result, tumors often possess 
hypoxic regions deprived of oxygen, growth factors, and 
nutrients (Carmeliet and Jain 2011). As a result, tumor 
cells activate processes that allow them to adapt, tolerate, 
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and grow despite these circumstances. These metaboHc 
changes include induction of the hypoxia-inducible tran- 
scription factors (HIF) and up-regulation of glucose up- 
take, glycolysis, glutamine dependence, and autophagy 
(DeBerardinis et al. 2007; Yuneva et al. 2007; Semenza 
2012; White 2012). 

The autophagy starvation response (Kuma et al. 2004; 
Mizushima et al. 2004) is induced in hypoxic tumor regions, 
where it is required for tumor cell survival (Degenhardt 
et al. 2006). Autophagy is also induced in many Ras-driven 
cancers and is critical for their survival (Guo et al. 2011; 
Lock et al. 2011; Yang et al. 2011). This suggests that both 
the environment and activation of oncogenes such as Ras 
create metabolic stress. Thus, some tumors have deregu- 
lated growth but are living at the limits of the availabihty of 
nutrients to sustain that growth. 

Ras's sweet tooth 

A critical fuel for cancers is glucose. Oncogenic Ras pro- 
motes glucose uptake (Fher et al. 1987; Ying et al. 2012) and 



its utilization in glycolysis, which ultimately converts 
glucose to pyruvate (Racker et al. 1985; Yun et al. 2009). 
This occurs in the presence of oxygen and is an example of 
the Warburg effect, long known to be a prominent charac- 
teristic of many tumors (Warburg 1956). It is now becom- 
ing clear that this plays a causal role in tumorigenesis by 
facihtating the diversion of glycolytic intermediates into 
biosynthetic pathways (Vander Heiden et al. 2009; Dang 
2012). Examples include shunting glucose carbon through 
the pentose phosphate pathway (PPP) to increase ribose 
production for nucleic acid biosynthesis and NADPH 
production for antioxidant defense (Fig. 1). Glycolysis also 
generates glycerol for lipid synthesis and can promote 
hexosamine biosynthesis for protein glycosylation and 
nutrient uptake as well as serine biosynthesis for a-keto- 
glutarate production and tricarboxylic acid (TCA) cycle 
anaplerosis (Wellen et al. 2010; Possemato et al. 2011; 
Dang 2012). With glucose uptake and activity of glycolysis 
increased, flux can be slowed at the end to supply bio- 
synthetic pathways by suppression of pyruvate kinase M2 
(Christofk et al. 2008a,b). This suggests that interfering 
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Figure 1. Fueling Ras. Ras-driven cancer cells alter glucose and glutamine metabolism and activate scavenging and seK-cannibalization to 
supply metabolic pathways. Red indicates processes modulated by or required for Ras. (HBS) Hexosamine biosynthesis pathway; (MEl) malic 
enzyme 1; (MDHl) malate dehydrogenase; (GOTl) aspartate/glutamate-oxaloacetate transaminase 1; (OAA) oxaloacetatc; (GLSl) glutamin- 
asc; (GLU) glutamatc; (SBS) serine biosynthesis; (ROS) reactive oxygen species; (NABS) nucleic acid biosynthesis; (FAO) fatty acid oxidation. 
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with glucose uptake, glycolysis, and the interrelated 
biosynthetic pathways is a potential approach to impair 
the growth and survival of Ras-driven and other cancers. 

To determine which aspects of glucose metaboHsm 
were most essential for Ras-driven cancers, examination 
of an inducible mouse model for oncogenic Kias"^^^^ 
pancreatic ductal adenocarcinoma (PDAC) was revealing. 
PDACs induced by oncogenic Ras expression showed 
dramatic regression upon extinction of Ras expression 
(Ying et al. 2012). An examination of the changes induced 
by Ras extinction revealed that Ras promoted the expres- 
sion of metabolic genes, including those in pathways for 
sterol biosynthesis, pyrimidine metaboUsm, O-glycan 
biosynthesis, and glycan structures biosynthesis (Ying 
et al. 2012). Assessment of metabolite pool sizes and 
tracer studies following Ras extinction demonstrated 
that Ras also promotes glucose uptake, glycolytic flux, 
and channeling of intermediates into the PPP and hex- 
osamine biosynthesis. Flux of glucose carbon through 
the nonoxidative arm of the PPP and ribose biogenesis is 
particularly important, as knocking down expression of 
enzymes in this pathway suppressed tumor growth (Fig. 
1; Ying et al. 2012). These Ras-driven cancers may rely on 
the nonoxidative arm of the PPP for production of pre- 
cursors essential for nucleic acid biosynthesis and cell 
growth. These recent revelations suggest that Ras can 
promote glucose metaboUsm by altering gene expression 
(Yun et al. 2009; Ying et al. 2012); although this is just the 
beginning of our understanding of this process, transcrip- 
tional changes are not hkely to be the only mechanism of 
regulation. Regulation of enzymatic activities, quantitative 
assessment of metaboHc changes, and tissue-specific and 
Ras oncogene-specific differences remain to be addressed. 

Glutamine addiction 

In contrast to most normal cells, cancers syphon off 
glucose carbon, and much of the pyruvate that is even- 
tually produced is converted to lactate, which is excreted. 
This regenerates NAD* and alters the tumor microenvi- 
ronment, the consequences of which are poorly under- 
stood. The increased conversion of pyruvate to lactate in 
tumors also potentially limits the availability of pyruvate 
for conversion to acetyl-CoA to drive the TCA cycle. TCA 
cycle intermediates may need to be replenished (ana- 
plerosis) by substrates other than glucose. The TCA cycle 
is important for production of ATP for energy homeosta- 
sis, citrate for lipid synthesis, and amino acids and NADH 
for protein synthesis and metaboHsm. Glutamine serves 
as a major anaplerotic substrate for the TCA cycle and also 
supplies nitrogen for nucleotide, nonessential amino acid, 
and hexosamine biosynthesis (Wise et al. 2011). Ras- as 
well as Myc-transformed cells have elevated dependence 
on glutamine for growth and survival (Wu et al. 1978; 
Gagho et al. 2009; Gao et al. 2009), which has attracted 
interest in determining what the glutamine is used for in 
cancer cell metaboHsm and how it is obtained. Indeed, 
tracer studies during Ras extinction revealed that gluta- 
mine is the major carbon source for the TCA cycle when 
Ras is activated (Ying et al. 2012). 



Glutamine enters the TCA cycle downstream from 
isocitrate following conversion to glutamate by glutamin- 
ase and then to a-ketoglutarate by glutamate dehydroge- 
nase (Fig. I). The TCA cycle can then be completed in the 
forward direction by converting a-ketoglutarate to succi- 
nate, fumarate, malate, and then oxaloacetate to provide 
ATP and precursors. In the absence of oxygen (hypoxia), 
glutamine-produced a-ketoglutarate can go in the reverse 
direction in the TCA cycle by undergoing reductive 
carboxylation to citrate. This citrate can then serve as 
a substrate for lipid synthesis in the absence of oxygen 
(Wise et al. 201 1; MetaUo et al. 2012; MuUen et al. 2012). 
This has suggested that inhibiting glutamine metaboHsm 
by blocking glutaminase, for example, will compromise 
the growth of Ras and other glutamine-dependent can- 
cers. In support of this, interfering with glutamine 
metabolism compromises Ras-driven cancer growth, 
identifying a metaboHc vulnerability (Son et al. 2013). How- 
ever, this is not the sole, essential use of glutamine in 
these cancers. 

In contrast to normal ceUs, in pancreatic cancers, where 
>90% have activating mutations in Kias, glutamine is 
converted to glutamate and is oxidized by the TCA cycle 
to oxaloacetate, which is converted to aspartate by gluta- 
mate-oxaloacetate transaminase. Evidence suggests that 
aspartate is converted to oxaloacetate by glutamate-oxa- 
loacetate transaminase and then to malate and pyruvate, 
purportedly producing NADPH (Fig. 1; Son et al. 2013). 
Glutamine can also be oxidized to malate in mitochondria 
and transported to the cytoplasm, where it is converted by 
malic enzyme to pyruvate with the generation of NADPH 
(Fig. 1). NADPH generation is necessary for production of 
reduced glutathione, which maintains redox balance (Son 
et al. 2013). Indeed, inhibiting glutamine metaboHsm by 
blocking aspartate transaminase or enzymes downstream 
sensitizes pancreatic cancer cells to oxidative stress and 
suppresses tumor growth, demonstrating the functional 
importance of this pathway (Fig. 1; Son et al. 2013). Thus, 
these cancer cells rely more on glutamine than glucose and 
the oxidative arm of the PPP for mitigating toxic reactive 
oxygen species (ROS). It will be important to determine 
whether this is a unique attribute of pancreatic cancers or 
whether other Ras-driven cancers also rely on this path- 
way. Moreover, as Ras and other cancers, such as those 
driven by Myc, rely on glutamine and glucose metabo- 
lism more so than normal cells, the next question is: 
Where do they come from? 

Scavenging piotein and lipid 

Ras-driven cancers can obtain the nutrition they need by 
increasing their delivery and uptake. For example, Ras 
and its effector pathways promote angiogenesis to in- 
crease the tumor blood supply and uptake of soluble 
glucose and glutamine by up-regulating the expression of 
transporters. More recently, it has become apparent that 
Ras-driven cancers acquire additional means to satisfy 
their nutritional needs through activation of fluid-phase 
endocytic nutrient uptake by macropinocytosis and seH- 
cannibalization by autophagy (Fig. 1). 
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Ras stimulates macropinocytosis, in which altered 
membrane dynamics at the cell surface promote the 
engulfment of the aqueous extracellular environment, 
which is captured in vesicles called macropinosomes 
(Bar-Sagi and Feramisco 1986; Walsh and Bar-Sagi 2001; 
Porat-Shliom et al. 2008). Macropinosomes then traffic to 
the lysosomal compartment, where they are degraded 
(Commisso et al. 2013). One critical cargo for macro- 
pinosomes is serum albumin, which is abundant in the 
tumor microenvironment. Pancreatic cancers with acti- 
vating mutations in Ras up-regulate macropinocytosis, 
which is used to uptake albumin to provide an amino acid 
supply (Commisso et al. 2013). This "albumin eating" by 
macropinocytosis provides amino acids, particularly glu- 
tamine, for multiple metabolic pathways, including TCA 
cycle anaplerosis and macromolecular synthesis (Fig. 1). 
Catabolism of serum albumin is sufficient to support the 
survival of pancreatic cancer cell lines in vitro, and 
human pancreatic tumors are most depleted of glutamine 
when compared with normal tissue (Commisso et al. 2013). 
Thus, Hke rats in a garbage dump, Ras-driven cancer cells 
can adapt to meet their nutritional requirements by acquir- 
ing the ability to scavenge and catabohze protein from their 
microenvironment to sufficiently sustain growth and 
survival. This suggests that targeting the process of macro- 
pinocytosis or the downstream metabohc pathways it 
suppHes may be a novel approach to treat pancreatic cancer. 
It will be of interest to determine the extent and versatility 
of the scavenging "diet" and what the most critical 
processes are for which the scavenged material is used. 

One clue that serum protein was not the only scav- 
enged material came from the observation from tracer 
studies — that, distinct from nonnormal cells, Ras-trans- 
formed cancer cells synthesize very-long-chain fatty 
acids from an existing C24 fatty acid backbone rather 
than from de novo synthesis (Kamphorst et al. 2011). 
Where the C24 backbone came from was answered by the 
discovery that Ras-transformed cells bypass de novo 
hpogenesis by scavenging fatty acids from their environ- 
ment in the form of lysophospholipids, abundant serum 
lipids with a single fatty acid tail (Fig. 1; Kamphorst et al. 
2013). Why make them if you can take them? In doing so, 
this overcomes potential limitations in cytosolic acetyl- 
CoA production and conserves cellular resources. 

Normally, glucose produces pyruvate, which is con- 
verted to mitochondrial acetyl-CoA, and then citrate, 
which is exported to the cytoplasm, where it is converted 
to acetyl-CoA for fatty acid synthesis by ATP-citrate 
lyase. Since Ras greatly stimulates glycolysis but also 
diversionary side pathways and conversion of pyruvate to 
lactate, this can limit acetyl-CoA and fatty acid synthesis 
essential for production of the membranes of new cancer 
cells. Lipid scavenging rather than synthesis also con- 
serves cellular resources and overcomes a key oxygen- 
dependent step of desaturation by stearyol-CoA de- 
saturase 1 (SCDl), enabling lipid synthesis in hypoxia 
(Kamphorst et al. 2013). Ras transformation thereby pro- 
duces resistance to SCDl inhibitors, indicating that block- 
ade of Upid scavenging or elongation might be new thera- 
peutic opportunities to target Ras-driven cancers. 



Self-cannibalization by autophagy 

Ras-driven cancer cells activate and rely on cellular self- 
cannibalization by autophagy, which can be considered 
a form of scavenging from within (White 2012). In normal 
cells, autophagy is activated by starvation and stress, 
where it captures damaged or superfluous intracellular 
proteins and entire organelles in vesicles that then fuse 
with lysosomes, where the cargo is degraded (Fig. 1; 
Mizushima and Komatsu 2011). The autophagy break- 
dovm products generated in lysosomes are released into 
the cytoplasm for use in metabolic and biosynthetic 
pathways (Fig. 1; Rabinowitz and White 2010). Intracel- 
lular recychng by autophagy is up-regulated and critical 
for survival of cells and mice during starvation (Kuma 
et al. 2004; Mizushima et al. 2004). In starved cells, bulk 
degradation of intracellular components by autophagy 
and their recycling maintains homeostasis during inter- 
ruptions in nutrient availability. One can think of the 
proteome and organelles as an exhaustible intracellular 
store of building blocks for biosynthesis (protein, sugars, 
and lipid) and of metabolic intermediates to sustain energy 
homeostasis accessed by autophagy in times of need. 

In normal cells and tissues, the selective pruning of 
damaged organelles by a low level of basal autophagy 
prevents their toxic accumulation and constitutes a qual- 
ity control mechanism (Mizushima and Komatsu 2011). 
For example, the selective degradation of defective mito- 
chondria preserves the functioning pool while mitigating 
production of damaging ROS. Autophagy is similarly 
important for culling unfolded protein and preventing 
accumulation of toxic, p62-contauiing protein aggregates 
(Komatsu et al. 2007, 2010; Mathew et al. 2009). Thus, by 
recycling their garbage, cells can conserve resources, 
balance metabolism, and suppress damage. 

Ras transformation induces autophagy, which is re- 
quired for proliferation, survival in starvation, and tumor 
growth (Guo et al. 2011; Lock et al. 2011; Yang et al. 
2011). Knockout or knockdown of essential autophagy 
genes causes tumor cells to accumulate respiration-de- 
fective mitochondria and display growth and metabolic 
defects and sensitivity to starvation caused by an energy 
and metabolic crisis. The requirement for autophagy 
appears to stem from the need for both a functioning pool 
of mitochondria and sources of metabolic substrates to 
fuel metabolic pathways. Knockout of an essential auto- 
phagy gene in a mouse model of spontaneous Kras^^^^- 
driven non-small-cell lung cancer (NSCLC) causes accu- 
mulation of defective mitochondria, suppresses tumor 
growth, and diverts the progression of carcinomas to more 
benign oncocytomas (Guo et al. 2013). Oncocytomas are 
a benign tumor type characterized by the accumulation of 
defective mitochondria (Gasparre et al. 2011). This sug- 
gests that Ras-driven cancers require autophagy for mito- 
chondrial function and for progression to more aggressive 
disease. Deletion of an essential autophagy gene in mouse 
models of spontaneous Br<3/^'^''''^-driven lung tumorigen- 
esis similarly impaired tumor growth and produced 
oncocytomas, extending these requirements for auto- 
phagy beyond Ras (Strohecker et al. 2013). 
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The key substrates supplied by autophagy to metabolic 
pathways remain to be investigated. Autophagy defi- 
ciency in both Kms'"^^^- and Braf^'^'^'^^-driven tumor cells 
enhances dependence on glutamuie, suggesting that pro- 
tein degradation by autophagy supplies amino acids and 
their derivatives to metabolic pathways, of which gluta- 
mine is particularly critical (Guo et al. 2013; Strohecker 
et al. 2013). The role of other amino acids such as serine 
and glycine in the metabolism of Ras-driven cancers 
remains to be investigated. 

In the setting of Ras activation and p53 deficiency in 
NSCLC, autophagy is also required to preserve mitochon- 
drial function for fatty acid oxidation (FAO) and Hpid 
homeostasis (Guo et al. 2013). Loss of p53 promotes glycol- 
ysis and lipid storage while suppressing FAO (Cheung and 
Vousden 2010; Goldstein and Rotter 2012). Autophagy- 
preserved mitochondrial function is critical for retaining 
FAO, without which tumor cells fail to metabolize and 
thus accumulate lipids and are exquisitely sensitive to 
further inhibition of FAO (Guo et al. 2013). Thus, inhibit- 
ing autophagy in Ras-driven cancers can cut off the vital 
glutamine fuel supply, block critical fatty acid fuel con- 
sumption, and compromise tumor growth. Clinical trials 
to test this concept by inhibiting lysosomal function and 
autophagy cargo degradation with hydroxychloroquine are 
under way in various cancers (Amaravadi et al. 2011; 
White 2012). 

Therapeutically exploiting altered metabolism 

The concepts of inhibiting enzymes in the pathways of 
glycolysis and glutaminolysis in cancer have been, and 
continue to be, investigated (Vander Heiden et al. 2009; 
Dang 2012). Drilling down into the details using elegant 
cancer models has revealed new potential metabolic 
enzymes to target in Ras-driven cancers. These include 
enzymes involved in ribose production for nucleic acid 
biosynthesis and those for glutamine-derived NADPH 
production for antioxidant defense (Fig. 1). Recent evidence 
also shows that Ras profotindly alters nutrient acquisition 
by promoting protein and lipid scavenging and autophagy. 
By doing so, this provides additional sources of nutrients 
within cells and from the tumor microenvironment neces- 
sary for growth, metabohc robustness, and stress tolerance. 
Thus, inhibiting scavenging and autophagy also represents 
new approaches to compromise the growth and survival 
of Ras-driven cancers. 

These new findings raise additional questions. Will 
blocking nucleotide biosynthesis be selective and active 
enough? Will compromising NADPH production require 
combination with promotion of oxidative damage to be 
effective? What is the complete extent of the tumor cell 
"diet"? For what essential processes are the scavenged 
and autophagized material used? How do scavenged serum 
proteins get to lysosomes? How are lipids recycled? What 
is the complete mechanism of macropinocytosis? How 
do scavenged lipids get into cells? What are the essential 
autophagy cargos? What are the key intracellular sub- 
strates supplied by autophagy? Will inhibition of scaveng- 
ing or autophagy be effective therapeutically for cancer? 



Do other cancers rely on scavenging or autophagy? What 
is the potential metabolic plasticity of Ras-transformed 
cells? Specifically, when one blocks glucose metabolism, 
is it possible that macropinocytosis becomes increasingly 
important? There is also currently no quantitative as- 
sessment of the contributions of various metabolic path- 
ways to Ras-mediated alterations in metabolism. For 
example, under a defined condition, how much do glu- 
cose, glutamine, and macropinocytosis contribute to the 
overall bioenergetic needs of Ras-transformed cells? How 
might this change under different conditions found in 
the tumor microenvironment? 

Knowing that scavenging and autophagy are important 
functions for Ras-driven cancers, it will be important to 
determine the metabolic functions that they support. 
Scavenged serum proteins provide glutamine for ana- 
plerosis and perhaps also ROS detoxification. Scavenging 
serum lipids may reduce the demand for NADPH required 
for lipid synthesis, making more available for antioxidant 
defense. Autophagy may also contribute to ROS detoxifi- 
cation by supplying glutamine but also through the elim- 
ination of defective mitochondria, thereby reducing the 
demand for NADPH and ROS detoxification. Mitigating 
ROS can promote survival, but also ROS produced from 
respiration can trigger oncogene-induced senescence, a 
barrier to tumorigenesis (Kaplon et al. 2013). Combining 
inhibitors of autophagy and glutamine metabolism with 
agents that increase oxidative stress may be useful. 

These recent insights into the metabolism of Ras-driven 
cancers have illuminated new metabohc vulnerabilities 
and potentially new treatment modalities for cancer. 
Targeting macropinocytosis or autophagy has the poten- 
tial to starve Ras-driven cancers, and both processes may 
be enhanced by inhibition of angiogenesis. Since scav- 
enging serum albumin or lipid is fimctionally important, 
can it be used to dehver a toxic payload? This may indeed 
be the case with nanoparticle albumin-bound (nab)-pac- 
litaxel (Abraxane), which increases the median overall 
survival in combination with gemcitabine in pancreatic 
cancer over gemcitabine alone (Von Hoff et al. 2011, 2013). 
It will be important to determine which tumors scavenge 
extracellular proteins, whether serum albumin is the sole 
source of glutamine, and exactly which metabolic path- 
ways require it most. Blocking macropinocytosis in Ras- 
driven cancers needs to be explored. Targeting the en- 
zymes essential for lipid metabolism in the altered scav- 
enging and autophagy setting may be worthwhile. Auto- 
phagy is a survival mechanism for Ras-driven cancers, so 
inhibiting the genesis of autophagosomes or cargo degra- 
dation is under investigation. Identification of the sub- 
strates that are provided by autophagy and the exact 
metabolic mechanisms they support may also be valu- 
able. Autophagy will likely be a resistance mechanism to 
metabohc pathway inhibition, although this remains to 
be formally tested. Whether inhibition of scavenging or 
autophagy in cancers has the selectivity and robustness 
to affect cancer over normal cells, whether there is tissue 
and oncogene and tumor suppressor gene specificity, and 
whether there are mechanisms of resistance remain to be 
determined. 
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